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Mycoplasmas are Gram-positive wall-less bacteria with a wide environmental and host distribution,
causing disease in man and in (wild and farmed) animals. The aim of this study was to analyze the use-
fulness of a genomic taxonomic approach in Mycoplasma systematics. Multilocus Sequence Analysis
(MLSA), average amino acid identity (AAI), and Karlin genomic signature allowed a clear identiﬁcation
of species. For instance, Mycoplasma pneumoniae and Mycoplasma genitalium had only 71% MLSA similar-
ity, 67% AAI, and 88 for Karlin genomic signature. Codon usage (Nc) of the phylogenetically distantly
related species Mycoplasma conjunctivae and Mycoplasma gallisepticum was identical, in spite of clear dif-
ferences in MLSA, AAI, and Karlin, suggesting that these two species were subjected to convergent adap-
tation due to similar environmental conditions. We suggest that a Mycoplasma species may be better
deﬁned based on genomic features. In our hands, a Mycoplasma species is deﬁned as a group of strains
that share P97% DNA identity in MLSA, P93.9% AAI and 68 in Karlin genomic signature. This new def-
inition may be useful to advance the taxonomy of Mycoplasmas.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction Many Mycoplasma species are pathogenic for humans, animals,Mycoplasmas are one of the smallest and simplest prokaryotes,
having only the minimal cellular machinery required for self-repli-
cation and survival. They appear to have evolved from Gram-posi-
tive bacteria by a process of degenerative evolution towards
genome reduction and the loss of a cell wall (Woese et al., 1980;
Neimark, 1986). Mycoplasmas are widespread in nature as para-
sites of humans, mammals, reptiles, ﬁsh, arthropods, and plants.
They may be symbionts of isopods (Eberl, 2010), songbirds (States
et al., 2009), wild and reared ﬁsh (Holben et al., 2002), and deep sea
Lophelia corals of Gulf of Mexico and Norwegian Fjords (Kellogg
et al., 2009). In spite of their reduced genomes, Mycoplasmas have
highly versatile transcriptomes (with the production of different
transcripts from a single gene and antisense ncRNAs) (Güell
et al., 2009) and proteomes (with multifunctional enzymes, post-
translational modiﬁcations, and signaling molecules) (Kühner
et al., 2009). The metabolic network appears to be more linear in
Mycoplasmas than in other more complex bacteria. The multifunc-
tionality of enzymes in Mycoplasmas may be a consequence of
gene loss and genome reduction. Sequence comparisons among
complete Mycoplasma genomes indicated that the 580-Kb genome
of Mycoplasma genitalium arose by minimization of the 816-Kb
genome of the human respiratory pathogen Mycoplasma pneumo-
niae (Stein and Baseman, 2006)..
mpson).
lsevier OA license.plants, and insects (Maniloff, 2002). In addition, Mycoplasmas have
been a problem as intracellular contaminants in human cell ther-
apy, and in the animal (poultry and swine farming) production as
pathogens. Thus, rapid diagnostics and identiﬁcation of Mycoplas-
mas is crucial for various activities. Due to the ecological impor-
tance of Mycoplasmas, several studies have been performed
recently on the diversity of these microbes (Spergser et al.,
2010). Online tools for the identiﬁcation of Mycoplasma-related
bacteria have also been developed (Zhao et al., 2009). Identiﬁcation
of Mycoplasmas is based on the current taxonomic standards
(Stackebrandt et al., 2002). The species deﬁnition and identiﬁcation
for Mycoplasma is based on the general species deﬁnition using a
combination of 16S rRNA gene sequence analyses, DNA–DNA
Hybridization (DDH), serology and phenotypic data. Distinguishing
Mycoplasmas by their metabolic characteristics has been generally
of limited phylogenetic and taxonomic value. A few exceptions in-
clude the ability to ferment glucose, to hydrolyze arginine and
urea, and the dependence on cholesterol for growth and anaerobi-
osis. Cellular localization of reduced nicotinamide adenine dinucle-
otide (NADH) oxidase activity has also been of help in classiﬁcation
of Mycoplasmas at and above the genus level (Razin, 2006).
Since the 1970s, serology has been established as the most
important tool for deﬁning Mycoplasma species (ICSB Subcommit-
tee on the Taxonomy of Mycoplasmatales, 1972; ICSB Subcommit-
tee on the Taxonomy of Mollicutes, 1979, 1995) (Brown et al.,
2007). Serological characterization is one of the most widespread
used approaches for the identiﬁcation. These methods are in
agreement with DNA–DNA hybridization data and with 16S rRNA
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genusMycoplasma (http://www.bacterio.cict.fr/index.html). Differ-
entiation of closely related species using 16S rRNA gene sequence
is very difﬁcult because Mycoplasma species may have up to 100%
16S rRNA gene similarity. For instance, the pairs M. pneumoniae
and M. genitalium, Mycoplasma mycoides and Mycoplasma capricol-
um have 98% and 99.8% 16S rRNA sequence similarity, respectively.
Serology is also very cumbersome, requiring special reagents and
the expertise of few international laboratories. The high genomic
and phenotypic diversity of Mycoplasmas may also result in
cross-reaction or unidentiﬁcation based on serology.
The advent of rapid genome sequencing and automated genome
analyses have opened up a new perspective for the taxonomy of
Mycoplasmas. Genome sequences may allow rapid identiﬁcation
and evolutionary inferences. Several recent studies have used
whole-genome analysis to determine the taxonomic relationships
among bacterial species (Coenye and Vandamme, 2003, 2004;
Richter and Rosselló-Móra, 2009; Thompson et al., 2009, 2011).
In order to test the feasibility of the genomic taxonomy in Myco-
plasmas, several genomic markers were analyzed in a collection
of 46 genomes. The availability of whole genome sequences of sev-
eral closely related species, such as M. pneumoniae and M. genitali-
um formed an ideal test case for the establishment of the genomic
taxonomy of Mycoplasmas. Disclosing species-speciﬁc patterns for
the different genome-wide markers would reinforce their useful-
ness in Mycoplasma taxonomy. The aim of this study was to ana-
lyze the usefulness of the genomic taxonomic approach in
Mycoplasmas, using information of Multilocus Sequence Analysis
(MLSA), average amino acid identity (AAI), Karlin genomic signa-
ture, codon usage and Genome-to-Genome distances (GGD) for
species identiﬁcation.2. Material and methods
2.1. Genome sequence data
We analyzed 46 complete genome sequences of Mycoplasmas
that were public available for download by June 2nd, 2011 in the
National Center for Biotechnology Information (NCBI) under the
project accession number indicated in Table 1. The following ana-
lyzes were performed according to Thompson et al. (2009) and are
brieﬂy described below.
2.2. 16S rRNA gene sequences and Multilocus Sequence Analysis
(MLSA)
The 16S rRNA gene sequences and the gene sequences used for
MLSA were obtained from GenBank (NCBI). MLSA approach was
based on the concatenated sequences of four housekeeping genes
(adk, efp, gmk and gyrB) that were used in other taxonomic studies.
The concatenated sequences were aligned by CLUSTALX and
MAFFT alignment methods. Phylogenetic analyses were conducted
using MEGA version 5. The phylogenetic inference was based on
the neighbor-joining genetic distance method (NJ), and the maxi-
mum likelihood method (ML). Distance estimations were obtained
by the model of Kimura two-parameters. The reliability of each
tree topology was checked by 2000 bootstrap replications (Felsen-
stein, 1985).
2.3. Average amino acid identity (AAI)
The AAI was calculated as described previously (Konstantinidis
and Tiedje, 2005). Conserved genes between a pair of genomes
were determined by whole-genome pairwise sequence compari-
sons using the BLAST algorithm (Altschul et al., 1997). For thesecomparisons, all protein-coding sequences (CDSs) from one
genome were searched against the genomic sequence of the other
genome. The genetic relatedness between a pair of genomes was
measured by the average amino acid identity of all conserved
genes between the two genomes as computed by the BLAST
algorithm.
2.4. Determination of dinucleotide relative abundance values
We determined the dinucleotide relative abundance value for
each genome. Mononucleotide and dinucleotide frequencies were
calculated using COMPSEQ (EMBOSS). Dinucleotide relative abun-
dances (q⁄XY) were calculated using the equation q⁄XY = fXY/fXfY
where fXY denotes the frequency of dinucleotide XY, and fX and
fY denote the frequencies of X and Y, respectively (Karlin et al.,
1997; Karlin, 1998). The difference in genome signature between
two sequences is expressed by the genomic dissimilarity (d⁄),
which is the average absolute dinucleotide of relative abundance
difference between two sequences. The dissimilarities in relative
abundance of dinucleotides between both sequences were calcu-
lated using the equation described by Karlin et al. (1997):
d⁄(f,g) = 1/16R|q⁄XY (f)  q⁄XY (g)| (multiplied by 1000 for conve-
nience), where the sum extends over all dinucleotides.
2.5. Codon usage bias
Codon usage bias was calculated for each genome. The effective
number of codons used in a sequence (Nc) (Wright, 1990) was cal-
culated using CHIPS (EMBOSS). Nc values range from 20 (in an ex-
tremely biased genome where only one codon is used per amino
acid) to 61 (all synonymous codons are used with equal probabil-
ity) (Wright, 1990).
2.6. Genome-to-Genome Distance Calculator (GGDC)
The genome distance was calculated using Genome-To-Genome
Distance Calculator (GGDC) (Auch et al., 2010). Distances between
a pair of genomes were determined by whole-genome pairwise se-
quence comparisons using BLAST (Altschul et al., 1990). For these
comparisons, algorithms were used to determine high-scoring seg-
ment pairs (HSPs) for inferring intergenomic distances for species
delimitation. The corresponding distance threshold can be used
for species delimitation. Any distance value above the threshold
can be regarded as indication that the two genomes analyzed rep-
resent two distinct species. Distances are calculated by (i) compar-
ing two genomes using the chosen program to obtain HSPs/MUMs
and (ii) inferring distances from the set of HSPs/MUMs using three
distinct formulas. Next, the distances are transformed to values
analogous to DNA–DNA Hybridizations (DDH). These DDH esti-
mates are based on an empirical reference dataset comprising real
DDH values and genome sequences. The regression-based DDH
estimate uses parameters from a robust-line ﬁt, whereas the
threshold-based DDH estimate applies the distance threshold lead-
ing to the lowest error ratio in predicting whether DDH isP70% or
<70%.3. Results
3.1. General features
The complete genomes of the Mycoplasmas comprised a single
chromosome (Table 1). The estimated size of the Mycoplasma gen-
omes ranged from 580 Kb (M. genitalium) to 1,360 Kb (M. pene-
trans). Mycoplasma genomes present low GC content. The average
GC content of Mycoplasma genomes ranged from 21% to 40%. The
Table 1
Genomic features of Mycoplasma genomes. ND (not determined).
Organism Accession no. Genome size (nt) GC (mol%) No. of CDS % Coding region
Acholeplasma laidlawii PG8A CP000896 1,496,992 31 1380 90
Candidatus Phytoplasma australiense AM422018 879,959 27 684 64
Candidatus Phytoplasma mali CU469464 601,943 21 536 76
Mesoplasma ﬂorum L1 AE017263 793,224 27 682 92
Mycoplasma agalactiae FP671138 1,006,702 29 813 87
Mycoplasma agalactiae PG2 CU179680.1 877,438 29 742 87
Mycoplasma alligatoris A21JP2 ADNC00000000 973,030 26 803 89
Mycoplasma arthritidis 158L31 CP001047.1 820,453 30 631 88
Mycoplasma bovis PG45 CP002188 1,003,404 29 765 82
Mycoplasma capricolum subsp. capricolum ATCC 27343 CP000123. 1,010,023 23 812 88
Mycoplasma capricolum subsp. capripneumoniae M1601 CM001150 1,018,102 ND ND ND
Mycoplasma conjunctivae HRC/581 FM864216.2 846,214 28 692 90
Mycoplasma crocodyli MP145 CP001991 934,379 26 689 81
Mycoplasma fermentans JER CP001995 977,524 26 797 85
Mycoplasma fermentans M64 CP002458 1,118,751 26 1050 88
Mycoplasma fermentans PG18 AP009608 1,004,014 ND ND ND
Mycoplasma gallisepticum F CP001873 977,612 31 ND ND
Mycoplasma gallisepticum R (high) CP001872 1,012,027 31 ND ND
Mycoplasma gallisepticum R (low) AE015450.2 1,012,800 31 763 87
Mycoplasma genitalium G37 L43967.2 580,076 31 475 90
Mycoplasma haemofelis Ohio2 CP002808 1,155,937 ND ND ND
Mycoplasma haemofelis Langford1 FR773153 1,147,259 38 1545 94
Mycoplasma hominis FP236530 665,445 27 523 88
Mycoplasma hyopneumoniae J AE017243.1 897,405 28 657 87
Mycoplasma hyopneumoniae 168 CP002274 925,576 ND ND ND
Mycoplasma hyopneumoniae 232 AE017332.1 892,758 28 691 89
Mycoplasma hyopneumoniae 7448 AE017244.1 920,079 28 657 85
Mycoplasma hyorhinis HUB-1 CP002170.1 839,615 25 654 84
Mycoplasma hyorhinis MCLD CP002669 829,709 ND ND ND
Mycoplasma leachii PG50 CP002108 1,008,951 23 882 88
Mycoplasma mobile 163K AE017308.1 777,079 24 633 90
Mycoplasma mycoides subsp. capri LC95010 FQ377874 1,153,998 23 922 90
Mycoplasma mycoides subsp. capri GM12 CP001621 1,089,202 24 ND ND
Mycoplasma mycoides subsp. mycoides SC PG1 BX293980.2 1,211,703 23 1017 81
Mycoplasma mycoides subsp. mycoides SC Gladyslade CP002107 1,193,808 ND ND ND
Mycoplasma penetrans HF2 BA000026.2 1,358,633 25 1037 88
Mycoplasma pneumoniae FH CP002077 811,088 ND ND ND
Mycoplasma pneumoniae M129 U00089.2 816,394 40 689 87
Mycoplasma pulmonis UAB CTIP AL445566.1 963,879 26 782 89
Mycoplasma suis Illinois CP002525 742,431 31 844 88
Mycoplasma synoviae 53 AE017245.1 799,476 28 659 88
Ureaplasma parvum ATCC 27815 CP000942 751,679 25 609 91
Ureaplasma parvum ATCC 700970 AF222894 751,719 25 614 91
Ureaplasma urealyticum ATCC27618 AAYN00000000 881,828 25 673 90
Ureaplasma urealyticum ATCC33695 AAZS00000000 886,725 26 612 84
Ureaplasma urealyticum ATCC33699 CP001184 874,478 25 646 89
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475 to 1545 and from 64% to 92%, respectively (Table 1). Genome
sizes were variable not only between genera and within the same
genus but also among strains of the same species.Mycoplasma spe-
cies had high intergenus, intragenus and intraspecies genome size
and GC content variability, indicating clearly the heterogeneity in
this bacterial group. One of the reasons for this variability could
be associated with the frequent occurrence of repetitive elements,
consisting of segments of protein coding genes, differing in size
and number, or insertion sequence (IS) elements (Razin and Hay-
ﬂick, 2010).3.2. Phylogenetic reconstructions by 16S rRNA and MLSA
We selected both conserved and variable single copy genes
belonging to different functional groups and that have been used
in other taxonomic studies. Phylogenetic trees based on 16S rRNA
gene sequences (Fig. 1; Supplementary Fig. 1) and MLSA approach
(Fig. 2; Supplementary Fig. 2) were constructed using the ML and
NJ (Supplementary Figs. 1 and 2) methods. The trees based on
16S rRNA gene sequences and MLSA showed similar topology in
the two methods. Bootstrap analysis indicated that, most brancheswere highly signiﬁcant. The phylogenetic reconstruction indicated
a clear separation of the main clusters (bovis, synoviae, hominis,
hyopneumoniae, mycoides, haemofelis and pneumoniae) (Figs. 1
and 2). The pairs of species M. agalactiae and M. bovis, M. hominis
and M. arthritidis, M. mycoides and M. capricolum, M. mycoides
and M. leachii, M. capricolum and M. leachii, and M. pneumoniae
and M. genitalium had 99.8%, 96%, 99.4%, 99.8%, 99.9%, and 98%
16S rRNA sequence similarity, respectively (Fig. 1). The respective
MLSA values for these pais were 84%, 74%, 96%, 95.6%, 99% and 71%
(Fig. 2).The MLSA intraspecies similarity was at least 97%. Accord-
ing to the phylogenetic reconstructions, the genus Mesoplasma ap-
peared to be nested within Mycoplasma, putting in question its
taxonomic validity. The genera Acholeplasma and candidate Phy-
toplasma appeared at the outskirts of the phylogenetic tree,
whereas the genus Ureaplasma formed a separated branch distinct
from the genusMycoplasma. The genusMycoplasma appeared to be
paraphyletic.3.3. Average amino acid identity (AAI)
The AAI among Mycoplasma species varied considerably (be-
tween 47% and 90%, Supplementary table) and the intraspecies
Fig. 1. Phylogenetic tree of the 16S rRNA gene based on the maximum likelihood method. Distance estimation was obtained by the model of Kimura 2-Parameter. Bootstrap
percentages after 2,000 replications are shown. Scale bar, estimated sequence divergence.
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Fig. 2. Phylogenetic tree based on concatenated sequences of the adk, efp, gmk and gyrB genes using maximum likelihood method. Distance estimation was obtained by the
model of Kimura 2-Parameter. Bootstrap percentages after 2,000 replications are shown. Scale bar, estimated sequence divergence.
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agalactiae and M. bovis, M. alligatoris and M. crocodyli, M. hominis
and M. arthritidis, M. mycoides and M. leachii, M. mycoides and M.
capricolum, M. leachii and M. capricolum and M. pneumoniae and
M. genitalium was at maximum 86%, 72%, 64%, 89%, 85%, 90%, and67%, respectively. M. mycoides subsp. mycoides and M. mycoides
subsp. capri showed at maximum 92% of AAI. The AAI within the
genera Ureaplasma and Candidatus Phytoplasma were 89–90% and
57%, respectively. There was a clear separation of related species
and sub-species by means of AAI comparisons (Fig. 3).
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Fig. 3. Taxonomic resolution of AAI (left Y axis) and Karlin genome dissimilarity [d⁄(f,g)] (right Y axis) of Mycoplasmas. Solid lines, AAI. Dashed lines, Karlin. The AAI value
93.9% and the Karlin value 7.6 indicate the limit for intraspecies pairwise comparisons. A (Acholeplasma), CP (Candidatus Phytoplasma), M (Mycoplasma), Meso (Mesoplasma), U
(Ureaplasma).
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The genomic dissimilarity values of Mycoplasmas varied be-
tween 0.2 and 267. The intraspecies variation was at maximum 8
(Fig. 3). The pair of species M. agalactiae and M. bovis, M. alligatoris
and M. crocodyli, M. hominis and M. arthritidis, M. mycoides and M.
leachii, M. mycoides and M. capricolum, and M. pneumoniae and M.
genitalium had at least 27, 55, 84, 14, 14, 7 and 88 of genomic dis-
similarity, respectively (Fig. 3). M. leachii and M. capricolum had a
low genomic signature value (around 7). M. mycoides subsp.
mycoides and M. mycoides subsp. capri had at least 10 of genomic
dissimilarity. The genomic signature within the genera Ureaplasma
and Candidatus Phytoplasma were 29 and 62, respectively.
3.5. Codon usage bias (Nc)
Codon usage bias varied considerably among Mycoplasmas. The
Nc values within Mycoplasma ranged from 31 to 51, and the intra-
species variation in M. fermentans, M. gallisepticum, M. haemofelis,
M. hypneumoniae, M. mycoides was 36, 41, 47, 44 and 31, respec-
tively. The Nc values of the pairs M. pneumoniae and M. genitalium
were 41 and 51, respectively. M. hominis and M. arthritidis were 37
and 43, while M. mycoides subsp. mycoides and M. capricolum
subsp. capricolum had Nc of 31. Some phylogenetically distantly re-
lated species e.g. M. conjunctivae and M. gallisepticum had identical
Nc value (40). The Nc values of Acholeplasma, Candidatus Phytoplas-
ma, Mesoplasma and Ureaplasma species was 39, 33–40, 33 and 34.
There was not a clear differentiation of closely related and dis-
tantly related Mycoplasma species using the Nc.
3.6. Genome distance analysis
The GGD was calculated only for closely related species that
cannot be differentiated by 16S rRNA (Fig. 1). Based on GGD
analysis the pairs M. agalactiae and M. bovis, M. alligatoris and M.crocodyli, M. hominis and M. arthritidis, M. mycoides and M. leachii,
M. mycoides and M. capricolum, M. leachii and M. capricolum and M.
pneumoniae and M. genitalium showed GGD values lower than 70%
DDH similarity, analogous to DDH values obtained by classical
hybridization methodologies. The GGD values for these pair of spe-
cies were lower than the threshold values for species delimitation
(Supplementary material). M. mycoides subsp. mycoides and M.
mycoides subsp. capri also had GGD and DDH values lower than
70%.4. Discussion
The genomic taxonomic approach (MLSA, AAI, Karlin genomic
signature and GGD) differentiated the sister species M. agalactiae
and M. bovis, M. alligatoris and M. crocodyli, M. hominis and M.
arthritidis,M.mycoides andM. capricolum,M.mycoides andM. leachii,
andM.pneumoniaeandM.genitalium.M.mycoides,M.capricolumand
M. leachii belong to the M. mycoides cluster that is pathogenic for
ruminants (Cottew et al., 1987). Because the different members of
the M. mycoides cluster share many genotypic (e.g. identical 16S
rRNA sequences and high DDH similarity values) and phenotypic
traits, their classiﬁcation and evolutionary relationships have been
difﬁcult to establish using the classic polyphasic approach. Although
M. mycoides,M. capricolum andM. leachii are considered sister spe-
cies, and M. mycoides subsp. mycoides and M. mycoides subsp. capri
are considered subspecies ofM. mycoides species, they were clearly
distinguishable by our genomic taxonomic approach.
Two groups of Mycoplasma were disclosed in this study. One
group (e.g. M. pneumoniae and M. genitalium or the M. mycoides
group) having different Nc, genomic signature and AAI, but were
highly related based on 16S rRNA sequences. This group comprises
Mycoplasmas involved in different types of disease in man and
ruminants. In this case, the new genomic taxonomic approach
provides high resolution for species identiﬁcation. The second group
(M. conjunctivae andM. gallisepticum) comprises Mycoplasmas that
1804 C.C. Thompson et al. / Infection, Genetics and Evolution 11 (2011) 1798–1804are distantly related by 16S rRNA, MLSA, AAI and Karlin genomic
signature, but have identical Nc. The identical Nc ofM. conjunctivae
andM. gallisepticum, two distantly related species,may suggest con-
vergent adaptation to similar environmental conditions. Niche
adaptation may have shaped the genomes of these Mycoplasmas.
Selective constraints can drive convergent evolution, producing
bacterial species that are functionally similar despite their different
evolutionary histories (Philippot et al., 2010).
A bacterial species is deﬁned as a group of strains (including the
type strain), having >70% DDH similarity, <5 CDTm, <5% mol G + C
difference of total genomic DNA, >97% 16S rRNA identity (Stacke-
brandt and Goebel, 1994). We suggest that Mycoplasma species
may be identiﬁed by whole-genome sequence analysis. In our
hands, aMycoplasma species may be better deﬁned based on geno-
mic features. A Mycoplasma species may be deﬁned as a group of
strains that share P97% DNA identity in MLSA, P93.9% AAI and
68 in Karlin genomic signature. This deﬁnition may advance the
ﬁeld of Mycoplasma taxonomy, extending on previous taxonomic
work (Manso-Silván et al., 2007; Manso-Silvan et al., 2011). This
approach will allow researchers and end-users of taxonomy to un-
cover and characterize large collections of Mycoplasma isolates
using genomic features and automatic algorithms for genome pat-
tern recognition, with the possibility of extending it to meet geno-
mic surveys and rapid laboratory diagnostics.
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